Abstract. The present work is intended to experimentally study the Taylor-Couette flow between coaxial cones. The inner cone is rotated and the outer cone is maintained fixed. Both cones have the same apex angle ĭ =12°, giving a constant annular gap į =0.12. The height of the fluid column is H=155 mm. The working fluid is assumed as Newtonian and has constant properties (as density and viscosity) within the range of the required experimental conditions. By means of visualization techniques, the critical thresholds related to the onset of various instabilities have been obtained and the corresponding flow modes have been identified. Using images processing, spatio-temporal diagrams have also been calculated, showing the characteristics (wavelength, drift velocity) of the downward helical motion. The results obtained for these transition regimes are compared to those of Wimmer et al. [1] [2] [3] .
Introduction
The study of instability phenomena in rotating systems remains very crucial for many industrial applications, as those concerned by mixing. Indeed, a better control of the processes could be obtained by a better understanding of the flow mechanisms involved and the way they vary with the governing parameters and the geometrical factors.
The investigation of the hydrodynamic instabilities in such systems has both objectives of predicting the critical parameters responsible for their onset and characterizing the flow which are thus triggered.
This kind of study in rotating systems can be helpful for the design of rotating machinery such as multiple concentric drives or turbine rotor, but also for the optimization of chemical equipment, such as compact rotating heat exchangers and mixers.
The viscous flow between concentric rotating cylinders has been widely studied. Concerning the conical geometry, Wimmer [1, 2, and 3] intensively investigated the Taylor-Couette flow in such geometry, showing experimentally that the flow is sensitive to the initial and boundary conditions, the gap size, the rotation velocity and the apex angle. Wimmer [1] demonstrated the coexistence of steady and unsteady flow regimes, which is not observed in the cylindrical geometry. NouiMehidi et al. [4, 5, 6, 7] found, numerically, that when the apex angle ĭ tends to 0°, the flow structure is identical to the classical Taylor-Couette flow and when the apex angle is increased towards ĭ= 180°, the vortex pair structure starts to break down and thereafter disappears. It is also observed that the flow develops similar characteristics as the flow between disks for an apex angle Ɏ > 60° [5] .
Noui-Mehidi et al. [8] examined experimentally the acceleration effect of the inner cone rotation on the transition properties in a conical system, characterized by an apex angle equal to ĭ = 16.38°. They noted that the acceleration rate defined as dRe/dt has a significant effect on the final flow: if the acceleration rate is less than 6.08, a downward helical motion was observed, while for accelerations greater than 6.08, an upward helical motion took place. The acceleration rate can also affect the vortices number. It is also observed that, for dRe/dt = 0.06, six steady pairs of vortices develop at Re = 340, whereas when the acceleration is dRe/dt = 1.3, seven steady pairs of vortices appear at Re = 520 and eight pairs at Re = 730. It is mentioned that the vortices number is very sensitive to the apex angle [5] [6] [7] [8] . More recently, Xu et al. [11] showed in their numerical simulations that the maximum velocity and the pressure magnitudes decrease with increasing the cone apex angle. Xu et al. [12] observed that the behavior of the conical flow is dominated by a competition between the meridional flow and the radial flow. Li et al. [12] studied the transition to Taylor vortices between rotating conical cylinders in the case of rigid boundaries, where both end plates are stationary.
The main objective of this paper is to highlight the critical thresholds corresponding to the onset of the different instabilities occurring in the flow between two vertical coaxial cones. By means of visualization techniques, we were able to show the different transition modes with their characteristics. Using images processing, we were able to plot the spatio-temporal diagrams corresponding to these instabilities of the laminar-turbulent transition regime. The results are compared to those of Wimmer et al. [1] [2] [3] .
Experimental setup
The experimental device consists of two coaxial cones made of insulating and transparent material (Plexiglas) in order to allow a good visualization of flow regime. Both cones have the same apex angle Ɏ=12° giving a constant annular gap į = d/R 1max where d= (4.85± 0.2) mm. The inner cone can rotate and the outer cone is maintained at rest [14] .
Our system is characterized by an outer cone with largest radius R 2max = (45 ± 0.2) mm and lowest radius R 2min = (12± 0.2) mm. The largest radius of the inner cone is R 1max = (40.15 ± 0.2) mm, while the lowest radius is R 1min = (7.15 ± 0.2) mm. The length of the fluid column is fixed at H = (155 ± 0.2) mm. The inner cone is driven by a DC motor connected to the rotating axis by a flexible in order to avoid the adverse effects of vibration ( Fig. 1) . The working fluid is a solution of 20% of Vaseline oil CHALLALA, favoring a better suspension of the particles in the fluid visualization, which is added to 80% of a petroleum product SIMILI to reduce the viscosity of the oil, with a concentration of 2 g/l of aluminum flakes. Such a mixture constitutes a Newtonian fluid characterized by its kinematic viscosity Ȟ=4.8 10 -6 m²/s and its density ȡ = 777.23 kg/m 3 with an accuracy of 1%.
In order to characterize the onset of the hydrodynamic instabilities, it is necessary to introduce dimensionless numbers involving viscous forces, which play a stabilizing role, and centrifugal forces, which have a destabilizing effect. These dimensionless numbers, which serve as control parameters of the flow, are the Reynolds number Re, the Taylor number Ta and the Froude number Fr defined in Table 1 . 
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The manifestation of a given wave form or instability was identified with three visualization techniques [14] , which are now presented.
Reflection of natural light
This method is based on the light beam reflection on the seeding particles. The light is supplied by an external source located in front of the experimental device. The intensity of the reflected light will depend on the orientation of the aluminium flakes, which are aligned with the local velocity vector. As a consequence, if the velocity vector is axial, the flakes will reflect light strongly and bright zones will appear on the images. On the contrary, if the velocity has a significant radial component, the flakes will be oriented parallel to the light rays and will let the light pass without reflection, giving dark zones on the images. However, as shown by Wimmer [3] , two successive vortices have different orientations (Fig. 2) , so that only one dark zone out of two is clearly visible on the images. In the interval between these well visible dark zones, two counterrotating vortices are then present. 
Transmission of natural light
This method of visualization is based on the optical transmission of the light source, which is placed behind the experimental device. The light rays pass through the flow and provide in-depth structure of the flow. In contrast with the previous technique, dark zones correspond to axial velocity vectors and bright zones to radial orientations, and all the dark and bright zones are well visible (Fig. 3) . 
Laser transmission
Finally, in order to examine the local structure of the flow and better see the vortices, we have used a coherent light (laser He, 1mW and with wavelength Ȝ=623.8nm), which is expanded as a laser sheet thanks to a cylindrical lens. This laser sheet illuminates an azimuthal plane in order to see the global vortex structure in this plane or to isolate certain vortices. Adequate settings of the optics are necessary in order to obtain good visualizations with a rigorous stigmatism of the images (Fig. 4a-4b ). 
Results and discussions
For the small gap configuration, į = 0.12, and for different angular velocity, we investigate the basic flow and the laminar-turbulent transition regime for Taylor numbers up to Ta=318.1.
Basic flow
The basic flow, in the absence of any disturbances, is laminar, three-dimensional (V , V r and V z velocity components) and axi-symmetric (Fig. 5) . The threedimensional character of the flow is the result of the imbalance of the centrifugal forces in the annulus: indeed, the linear variation of the radius versus the conical axial position z induces a linear variation of these centrifugal forces. The flow observed in any azimuthal plane corresponds to a large loop going up along the inner cone and down along the outer cone and turning at the end plates [1] . These end plates being fixed with no-slip conditions, the centrifugal forces decrease in their vicinity. This effect will promote end recirculations, in the direction of the main loop at the bottom and in the opposite direction at the top. The recirculation at the bottom will only reinforce the main loop. In contrast, the recirculation at the top will progressively generate a vortex in counter-rotation with the main loop. Due to the axi-symmetry of the flow, this vortex (known as Ekman vortex) is in fact a toroidal cell. In the small gap situations considered here, it has not been possible to provide evidence of this Ekman vortex.
A reason could be the difficulty to visualize the upper zone of the annulus, which is behind a large thickness Plexiglas zone (Fig. 1) . 
Transition regimes
By progressively increasing the angular velocity of the inner cone (corresponding to an increase of the Taylor number), we observe the development of disturbances in the upper part of the basic flow for Ta>Ta c1 =42.3. These disturbances correspond to the well-known Taylor vortices (TV), which generally appear as steady regular closed vortex cells. In our case, the first Taylor cell appears in the vicinity of the upper edge, where the centrifugal forces are greater. This toroidal cell is stationary and its size is of the order of the annular gap. It forms a pair of cells with the rest of the flow, which is unperturbed and remains a large loop (UF) (Fig. 6 ). Only
the first Taylor cell will be visible, before the development of the next instability. By still increasing the inner cone velocity gradually, we observe the appearance of new cells, which propagate downwards as a helical motion (DHM) (Fig.  7) . This phenomenon occurs at Ta = Ta c DHM = 47.2. The downward movement of the vortices seems to be related to the corresponding decrease of the radius in our geometry, as experiments performed in the up side down configuration have given an upward movement of the vortices. Note that, as for the Taylor vortices, there remain an unperturbed zone (UF), corresponding to a large loop, at the bottom part of the annulus. This unperturbed zone will only disappear for far larger Taylor numbers, as for Ta=192 (see Fig. 9 ). For Ta above Ta c DHM and before the next instability, three different flow structures can be observed in the annulus: from top to bottom, the steady Taylor vortex (TV), the downward helical vortices (DHM) and the unperturbed flow loop (UF). A wavy mode (WM) corresponding to an azimuthal wave appears in the very upper part of the annulus with a very low amplitude at Ta = Ta c2 = 68.8. The other parts of the annulus keep the same flow properties as those described above. The wavy mode first affects the Taylor vortex, but for increasing Ta, it will also affect the downward helical motion (see Fig. 9f ). Finally, for Ta = Ta c UHM = 72, we observe the appearance of upward helical motions of cells. At this value of Ta, we observe the co-existence of the Taylor vortex with wavy mode, the downward helical motion, the upward helical motion and the unperturbed flow at the bottom (Fig. 8) . At larger Ta, we will note the possible superposition of three flow instabilities in some zones of the annulus, namely, the downward helical motion (DHM), the upward helical motion (UHM) and the wavy mode (WM). By observation of Table 2 , we can see that the results obtained with our experimental device for į = 0.12 are in good agreement with those of Wimmer [1] obtained for į = 0.1. Wimmer [1] observed the Taylor vortex, the downward helical motion and the wavy mode for values of Ta close to ours. Fig. 9 . We can note the larger amplitude of the wavy mode for the larger values of Ta. Finally, we can remark that the helical structure appears on previously obtained axi-symmetric regimes (i.e. the basic flow and Taylor vortex regimes) and breaks this axi-symmetry. This indicates that the corresponding instability must be an azimuthal mode with a non-zero azimuthal wavenumber m. In fact, by accurately analyzing the images of downward helical motion (as in Fig. 10 ), we have found that a pair of counter-rotating vortices is shifted down by a height equal to its wavelength after a -azimuthal rotation (which is what we can see on the front view of the cone on the images). By extrapolation (to take into account the shift occurring on the back face of the cone), we deduce that the pair of vortices is shifted by two wavelengths for a turn around the cone, which indicates that the helical instability corresponds to an azimuthal mode m=2. Comparisons, however, were not possible as we did not find any indication of azimuthal wavenumbers in the previous publications on rotating cones. Numerical stability analyses could be performed to clarify this point. 
Evolution of cells number and wavelength for different flow regimes
The analysis of the results allowed us to determine the evolution of the cells number n according to the Taylor number Ta and the flow regime. The curve showing n versus Ta is shown in Fig. 11 . The vortices number n starts at one (corresponding to the Taylor vortex) in the vicinity of the first instability at Ta=42.3. It then increases quite quickly to reach its maximum value n=36 at Ta=78.3. This steep increase corresponds to the progressive downward extension of the helical structure as Ta is increased. The vortices number n keeps the same value n=36 on a large Ta gap, up to Ta=161, indicating that, for all these states, the helical structure has reached the bottom of the cone. At Ta=192, m slightly decreases to m=34, with the disappearance of a pair of counterrotating cells. Something similar is observed at Ta=276.7, and the new structure with m=32 is obtained up to Ta=318.1, the limit Ta value in our study. By using image processing with Matlab, we were able to extract spatio-temporal diagrams from the videos available for some of the flow states (sequences of 100 to 200 images are chosen, covering time intervals of 9 to 13 seconds). For each image of the videos, we have registered the grey levels along a given generatrix of the cone (280 pixels along a generatrix). If the generatrix determined by the vertical plane perpendicular to the image is taken as a reference (this generatrix corresponds to the vertical line in the middle of the image), the generatrix chosen for the spatio-temporal diagrams presented in Fig. 12 is the generatrix at -/6 (on the left part of the image) and for the diagram in Fig. 13 , it is the generatrix at /8 (on the right part of the image). These diagrams are presented as color levels in a domain with the time (in seconds) in abscissa and the position along the generatrix (in mm and with the origin at the bottom of the cone) in ordinate. They will allow us to determine the wavelength and the drift velocity of the vortices. In figure 12 , the downward helical motion is clearly put in evidence for Ta=64 and 74. In both cases, there also remains an unperturbed flow zone at the bottom of the cone. Comparisons between the two cases (which are presented in domains with the same scale) show that the drift velocity decreases when Ta is changed from 64 to 74. At Ta=74, a case above the different instability thresholds, the wavy mode is hardly visible (except, may be, close to the top) and the upward helical motion not clearly present.
In contrast, for Ta=89.6, we clearly observe the coexistence of the downward helical motion, the wavy mode and the upward helical motion. The wavy mode affects almost all the cells: it has, however, a large amplitude for the cells in the upper part of the cone and this amplitude decreases as the cells reach lower zones.
The upward helical motion can be seen through the sudden disappearance of a pair of counter-rotating vortices, which appears in the diagram as a dislocation. From the time interval between two successive dislocations (ܶ ൎ ͳǤͶ ‫)ݏ‬ and the fact that it generally affects the next but one pair of cells (two wavelengths apart, i.e. L=ʹ ߣ ൎ ͵Ǥͺ mm), we can estimate a propagation velocity for this upward helical motion at 2.36 mm/s.
The analysis of these spatio-temporal diagrams allowed us to determine the wavenumber k of the cell structure by Fourier transform and to deduce the wavelength Ȝ. For example, for Ta=61 (a case with a downward helical motion of the cells), the wavenumber is k=0.1067 giving a wavelength Ȝ=9.366 mm, which is close to 2d = 9.7 mm. The results obtained for ߣ ‫כ‬ ൌ ߣȀሺʹ݀ሻ in a Ta range from 60 to 90 are given in Fig. 14. The increase of the Taylor number induces a decrease of the wavelength ߣ ‫כ‬ , which becomes almost constant for Ta above approximately 70 at a value close to 0.77 (ߣ ൎ Ǥͷ mm). 
Conclusion
The study of the laminar-turbulent transition in the conical Taylor-Couette flow system was motivated by the interest for different industrial applications and by the hope to discover a specific laminar-turbulent transition. The present experiments, based on optical visualization techniques, indicate that the chaotic regime occurs after a small number of transitions to distinct modes: the Taylor vortex mode, the downward helical motion, the wavy mode and the upward helical motion. The results are in good agreement with those obtained by Wimmer [1] [2] [3] in the case į = 0.11. Spatio-temporal diagrams were also obtained by image processing. The spectral analysis performed on such diagrams enabled us to determine the wavelength and the corresponding drift velocity of the downward moving cells in the interval 60 <Ta <90. It was noted that, when Ta is increased, the wavelength decreases towards a constant value, whereas the drift velocity follows a linear decrease.
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